Alzheimer's disease (AD) chiefly characterizes a progressively neurodegenerative disorder of the brain, and eventually leads to irreversible loss of intellectual abilities. The ␤-amyloid (A␤)-induced neurodegeneration is believed to be the main pathological mechanism of AD, and A␤ production inhibition or its clearance promotion is one of the promising therapeutic strategies for anti-AD research. Here, we report that the natural product arctigenin from Arctium lappa (L.) can both inhibit A␤ production by suppressing ␤-site amyloid precursor protein cleavage enzyme 1 expression and promote A␤ clearance by enhancing autophagy through AKT/mTOR signaling inhibition and AMPK/Raptor pathway activation as investigated in cells and APP/PS1 transgenic AD model mice. Moreover, the results showing that treatment of arctigenin in mice highly decreased A␤ formation and senile plaques and efficiently ameliorated AD mouse memory impairment strongly highlight the potential of arctigenin in anti-AD drug discovery.
Introduction
Alzheimer's disease (AD) is a progressively neurodegenerative disease that eventually leads to the irreversible loss of neurons and intellectual abilities, including cognition and memory. ␤ Amyloid (A␤), generated from a sequent cleavage of amyloid precursor protein (APP) by ␤-site APP cleavage enzyme 1 (BACE1) and ␥-secretase, contributes much to AD pathology, in that accumulation of this peptide in the hippocampus and cortex causes neuron dysfunction and cognitive deficit (Hardy and Selkoe, 2002) . Therefore, targeting A␤ has been considered a promising therapeutic strategy against AD (Yamin et al., 2008; Kurz and Perneczky, 2011) .
In the discovery of A␤ production inhibitor, BACE1 as a ratelimiting enzyme for A␤ generation has always received much attention, and most of the anti-AD research has focused on the discovery of BACE1 enzymatic inhibitor (Hong et al., 2000; May et al., 2011) . However, none of the inhibitors discovered so far has passed clinical trials yet, an indication that a new tactic besides enzymatic inhibition should be devised against this enzyme (Klaver et al., 2010) . Recently, the finding of the elevated protein level of BACE1 in both AD patients and model mice has implied that downregulation of BACE1 expression could be developed as a new approach for anti-AD drug discovery (Fukumoto et al., 2002; Holsinger et al., 2002; . This was further confirmed by the fact that BACE1 expression inhibitors targeting BACE1 transcription or translation effectively improved AD symptoms .
Apart from A␤ production inhibition, A␤ clearance promotion is also regarded as another valuable strategy in anti-AD research, since failure of A␤ clearance has been confirmed to be strongly associated with AD pathogenesis (Wostyn et al., 2011; . Efforts to target A␤ clearance have resulted in the discovery of some active compounds that could be useful in ameliorating AD symptoms. For example, nilvadipine, an anti-hypertensive drug, highly facilitated A␤ clearance and effectively improved learning abilities and spatial memory in AD mice, and is currently used in Phase 3 clinical trials in Europe (Bachmeier et al., 2011; Kennelly et al., 2011) .
Accordingly, based on the above-mentioned facts, we expected that agents with dual-functional activities in both A␤ production inhibition and its clearance promotion might demonstrate more potent anti-AD properties. Considering that natural products are major resources of bioactive agents for their large-scale structural diversity, we thus constructed a "one stone, two birds" platform against our laboratory inhouse natural product library. This led to the discovery of arctigenin (Fig. 1A) , which could both inhibit A␤ production and promote its clearance. In addition, the mechanisms underlying the arctigenin-mediated anti-AD function were intensively investigated.
We discovered that arctigenin decreased BACE1 translation via dephosphorylation of eIF2␣, causing the suppression of A␤ production, and initiated autophagy through both AMPK/Raptor signaling activation and AKT/mTOR pathway inhibition, resulting in enhanced A␤ clearance. Moreover, arctigenin strongly ameliorated the memory impairment of APP/PS1 transgenic model mice. Our results have thereby strongly highlighted the potential of arctigenin in anti-AD drug research.
Materials and Methods
Materials. Arctigenin was extracted from Fructus arctii, and the purity of arctigenin was determined to be Ͼ99% by high-performance liquid chromatography. All cell culture reagents were purchased from Invitrogen. Complete protease inhibitor mixture, penicillin, streptomycin, G418, Tween 80, Congo red, thioflavine S, and DMSO were from Sigma-Aldrich. RNAiso, RT reagent kit, and SYRB Premix Ex-Taq were purchased from TaKaRa Bio. BACE1 antibody was from Sigma-Aldrich. Phospho-double-stranded RNAdependent protein kinase-like endoplasmic reticulum kinase (phospho-PERK, Thr981) and PERK antibodies were from Santa Cruz Biotechnology. The antibodies of phospho-eIF2␣ (Ser51), eIF2␣, GAPDH, phospho-AMP-activated protein kinase (phospho-AMPK, Thr172), AMPK, phospho-Raptor (Ser792), Raptor, phospho-AKT (Ser473), AKT, phospho-mTOR (Ser2448), mTOR, phospho-ULK1 (Ser757), ULK1, phospho-P70S6K (Thr389), P70S6K, and P62 were from Cell Signaling Technology.
Cell culture. HEK293 cells expressing APP Swedish mutant K595N/M596L (HEK293-APP swe ) were grown in DMEM containing 10% fetal bovine serum (FBS), 100 U/ml penicillinstreptomycin, and 400 g/ml G418 at 37°C in 5% CO 2 . BV2 cells were cultured in DMEM containing 10% FBS and 100 U/ml penicillinstreptomycin at 37°C in 5% CO 2 .
Primary cortical neuron culture. Embryos (embryonic day 16) were removed from an anesthetized pregnant mouse. Cerebral cortices were dissected from the brain and digested with D-Hanks buffer (5.4 mM KCl, 0.41 mM KH 2 PO 4 , 138 mM NaCl, 4.5 mM NaHCO 3 , 0.22 mM Na 2 HPO 4 , pH 7.4) containing 0.125% trypsin and 200 U/ml DNase (Sigma-Aldrich) for 15 min at 37°C, followed by dissociation with pipetting in DMEM with 10% FBS. Dissociated cells were cultured in the neurobasal medium with 2% B27 supplement, 0.5 mM glutamine (Invitrogen), and 50 U/ml penicillinstreptomycin using poly-D-lysine (SigmaAldrich)-coated six-well cell culture plates. The plating density was 0.5 ϫ 10 6 cells/ml. After 10 d, different concentrations of DMSO-dissolved arctigenin were separately incubated in the cultured neurons for 24 h.
Primary cortical astrocytes culture. Embryos (embryonic day 18) were removed from an anesthetized pregnant mouse, and the isolation procedure of cortical astrocytes was similar to that of neuronal cells. Briefly, dissociated cells were cultured in DMEM/F12 with 10% FBS and 50 U/ml penicillin-streptomycin, using poly-D-lysine-coated 75 cm 2 flask by the density of 2 ϫ 10 5 cells/cm 2 . After 7 d, the flask was rotated at 220 rpm/min at 37°C overnight. Then, the cells in the medium were removed, leaving behind adhesion cells, which were identified by GFAP and DAPI staining as astrocytes. After 3 d continuing culture, the astrocytes were subcultured in six-well plates, followed by administration with different concentrations of DMSO-dissolved arctigenin for 24 h.
BACE1 activity assay. The effect of arctigenin on BACE1 activity at protein level was investigated using BACE1 activity kits (Invitrogen) according to the provided kit protocol. Briefly, the BACE1 substrate (5 M), BACE1 enzyme (550 ng/ml), and varied concentrations of arctigenin (100, 50, 10, 5, 1, 0.5, 0.1 M) were sequentially incubated for 1 h at 37°C in darkness. Fluorescence intensity was then measured with excitation and emission wavelengths at 420 and 530 nm, respectively.
The cell-based assay of the effect of arctigenin on BACE1 activity was performed with BACE1-specific FRET-based substrate (Invitrogen) according to the provided protocol. In brief, after 24 h incubation of cells with different concentrations of arctigenin, the cells were lysed in RIPA buffer (Thermal), supernatants were collected, and protein concentration was determined by BCA protein assay kit (Thermal). Then the supernatants were diluted to the protein concentration of 10 ng/ml, and incubated with BACE1 substrate and reaction buffer (provided with the purchased kit) at 37°C in darkness. After 1 h incubation, fluorescence test was performed with excitation and emission wavelengths at 420 and 530 nm, respectively.
Western blot. In cell-based assay, cells were administrated with different concentrations of arctigenin and incubated for 24 h, and then lysed 40 . C, ELISA assay of arctigenin-reduced sAPP␤. D, Arctigenin inhibited BACE1 activity in cells. E, FRET-based assay demonstrated that arctigenin failed to inhibit BACE1 activity at protein level. F, Western blot assay indicated that arctigenin decreased BACE1 protein level and phosphorylation of eIF2␣ or PERK. G, RT-PCR assay indicated that arctigenin had no effect on BACE1 transcription. The results shown are representative of three independent experiments. **p Ͻ 0.01, ***p Ͻ 0.001, n ϭ 3.
with RIPA buffer (Thermal) containing protease mixture (Sigma-Aldrich). Protein concentration was determined by BCA protein assay kit (Thermal). Proteins were mixed with 2 ϫ SDS-PAGE sample buffer (4% SDS, 62.5 mM Tris-HCl, pH 6.8, 25% glycerol, and 0.1% bromophenol blue) and then boiled for 15 min at 99°C. In brain tissue-based assay, the cortices of four mice in each group were homogenized with RIPA buffer (Thermal) containing protease mixture (Sigma-Aldrich) by a handheld motor and kept on ice for 1 h to lyse the cells completely. The homogenates were then centrifuged by 20,000 ϫ g at 4°C for 30 min. The supernatants were collected, and protein concentration was determined using BCA protein assay kit. Equal amounts of lysates (2 mg/ml protein) were mixed with 2 ϫ SDS-PAGE sample buffers, and then boiled for 15 min at 99°C.
All cell and tissue samples were subject to Western blot analyses of BACE1, phosphoeIF2␣, eIF2␣, phospho-PERK, PERK, P62, GAPDH, phospho-AMPK, AMPK, phosphoRaptor, Raptor, phospho-AKT, AKT, phosphomTOR, mTOR, phospho-ULK1, ULK1, phospho-P70S6K, and P70S6K.
Intracellular A␤ clearance assay. Intracellular A␤ clearance in astrocytes, BV2 cells, and primary neuronal cells was assayed according to the Landreth approach Cramer et al., 2012) . In brief, astrocytes were sequentially cultured with varied concentrations (40, 10, 1, 0 M) of arctigenin for 18 h at 37°C. Cells were then treated with 2 g/ml soluble A␤ 40 and varied concentrations (40, 10, 1, 0 M) of arctigenin for 3 h, followed by lysis in 50 mM Tris buffer containing 1% SDS. Protein concentration was determined by BCA protein assay kit, and intracellular A␤ peptide was evaluated by ELISA and normalized to total protein.
ELISA assay. In cell-based assay, HEK293-APP swe cells were incubated with series of concentrations of DMSO-dissolved arctigenin for 24 h. The cell culture media were collected, and a complete protease inhibitor mixture was added (Sigma-Aldrich). The culture media were then centrifuged by 20,000 ϫ g at 4°C for 30 min, and supernatants were collected. ELISA kits of A␤ 40 (Invitrogen) and sAPP␤ (ImmunoBiological Laboratories) were used for evaluation of A␤ 40 and sAPP␤ contents, respectively.
For the assay in the brains, hippocampus sample was prepared according to the published approach (Zhu et al., 2010) . In brief, the hippocampi were homogenized in 5 M guanidine hydrochloride using a hand-held motor, and the homogenates were then centrifuged at 20,000 ϫ g at 4°C for 30 min. The supernatants were collected, and contents of A␤ 40 and A␤ 42 were tested according to the protocol of A␤ 40 /A␤ 42 ELISA kit.
Real-time quantitative PCR analysis. The total mRNA was isolated from the arctigenin-treated cells or mice brains using TRIZOL Reagent (TaKaRa Bio) according to the protocols of commercial kits. Complementary DNA synthesis was performed with oligo-dT primers by the instruction of reverse-PCR kit (TaKaRa Bio). Real-time PCR was performed using SYBR green PCR core reagent kit (TaKaRa Bio) for mRNA quantity detection.
PCR primer pairs for amplification of the three genes are as follows: human BACE1: (F) CAT TGG AGG TAT CGA CCA CTC GCT, (R) CCA CAG TCT TCC ATG TCC AAG GTG (human 18sRNA was designed as described previously; Scheid and Woodgett, 2001); mice BACE1: (F) TGGACACCGGAAGCAGTAACTT, (R) AGCTTGATGGCTTGGC-CAA; mice ␤-actin: (F) TCG TGG GCC GCT CTA GGC ACC A, (R) GTT GGC CTT AGG GTT CAG GGG GG.
Animal experiment. All animal experiments were performed according to the institutional ethical guidelines on animal care. The APP/PS1 mice [B6C3-Tg (APP swe , PS1
dE9 )], which express chimeric mouse/human Swedish mutant amyloid precursor protein (Mo/HuAPP695 swe ) and mutant human presenilin 1 protein (PS1-dE9), were purchased from Jackson Laboratory and housed under standard conditions with a 12 h light/dark cycle at room temperature of 22°C. As described previously, APP/PS1 mice exhibited early AD symptoms at 6 -7 months of age. These symptoms became more serious after another 3 months or more (Reiserer et al., 2007) . In our work, 20 male APP/PS1 mice were divided randomly into two groups and 10 nontransgenic mice were in one group as negative control. Arctigenin was dissolved in 5% Tween 80. The two 6 month transgenic groups were administrated with 3 mg/kg/d arctigenin or vehicle and the 6 month nontransgenic group was administrated with vehicle for 100 d by intraperitoneal injection. After 100 d administration, Morris water maze (MWM) assay was applied to evaluate the cognitive abilities of the mice for 6 d with continuous arctigenin treatment. Upon completion of MWM test, mice were killed, and the brains were then removed and bisected in the midsagittal plane. The right hemispheres were frozen and stored at Ϫ80°C, and the left hemispheres were fixed in 4% paraformaldehyde. MWM test. The MWM assay was performed as previously described (Zhu et al., 2010) . Briefly, over 5 consecutive days with three trials per day, mice were trained to use a variety of visual cues located on the pool wall to find a hidden submerged white platform in a circular pool (120 cm in diameter, 50 cm deep) filled with milk-tinted water. In each trial, each mouse was given 90 s to find the hidden platform. If the mouse found the platform within that time, the animal was allowed to rest on the platform for 20 s. If the mouse failed to find the platform within 90 s, the animal was manually placed on the platform and allowed to remain there for 20 s. On day 6, after training trials, a probe trial was performed by removing the platform, and mice were allowed to swim for 90 s in search of it. All data were collected for mouse performance analysis. For data analysis, the pool was divided into four equal quadrants formed by imaging lines, which intersected in the center of the pool at right angles called north, south, east, and west.
Congo red and thioflavine S staining. Paraformaldehyde-fixed brain tissues (ϳ3.5 mm thick) were obtained from the hippocampus and embedded in paraffin. Ten-micrometer-thick coronal sections were for Congo red and thioflavine S staining according to the previous approach (Zhu et al., 2010) . For Congo red staining, the sections were deparaffinized, hydrated, and stained with Congo red for 20 min, followed by differentiation in alkaline alcohol solution and counterstaining with Gill's hematoxylin for 30 s, finally mounting with resinous medium. For thioflavine S staining, the sections were stained in a 1% thioflavine S stock for 5 min and differentiated in 70% alcohol for 5 min and mounted in glycerin jelly.
The Congo red-stained plaque numbers and thioflavine S plaque burdens were determined separately in the hippocampus and cortex. One section from each mouse (10 mice per group) was used for plaque quantification with Congo red and thioflavine S staining. Thioflavine S plaque burdens were counted on every five fields throughout the entire hippocampus and cortex (10 mice per group) by Image-Pro Plus (Media Cybernetics). Total number of Congo red-stained plaque in hippocampus and cortex (10 mice per group) was calculated for statistical analysis.
Data analysis. The statistical difference between multiple treatments and control was analyzed using one-way ANOVA with Dunnett's post-test. p value of Ͻ0.05 was considered to be statistically significant.
Results

Arctigenin decreased A␤ content
To screen for natural products able to decrease A␤ content, ELISA assay was performed in HEK293-APP swe cells against the laboratory in-house natural product library. The natural product arctigenin was finally determined. As shown in Figure 1B , arctigenin effectively decreased A␤ content in the cells.
Arctigenin reduced A␤ production
Arctigenin reduced A␤ production by inhibiting BACE1 activity Given that A␤ level involves a dynamic equilibrium of A␤ production and clearance, we at first investigated the potential effect of arctigenin on A␤ production in HEK293-APP swe cells using ELISA assay by testing the level of sAPP␤, a direct product of APP with BACE1 cleavage, for indication of A␤ production (Zhu et al., 2010). As shown in Figure 1C , sAPP␤ level was obviously de- creased with arctigenin treatment, suggesting that arctigenin decreased A␤ production. Next, we determined whether arctigenin inhibited BACE1 activity in HEK293-APP swe cells. In the assay, the cells were cultured in six-well plates and incubated sequentially with varied concentrations of arctigenin for 24 h. Cells were then lysed in RIPA buffer (Thermal), and BACE1 activity of the cell lysates was determined using BACE1-specific substrate (Invitrogen). As indicated in Figure 1D , arctigenin dosedependently decreased BACE1 activity.
Arctigenin suppressed BACE1 activity via inhibition of BACE1 translation
In view of the arctigenin-induced BACE1 activity inhibition, we used FRET technology-based assay to examine whether arctigenin functioned as a BACE1 enzymatic inhibitor. As indicated in Figure  1E , arctigenin failed to directly inhibit BACE1 activity in vitro, implying that arctigenin possibly downregulated BACE1 activity by decreasing BACE1 protein level.
Accordingly, by Western blot assay, we investigated whether arctigenin decreased BACE1 level in HEK293-APP swe cells. As shown in Figure 1F , arctigenin dosedependently decreased BACE1 protein level. In addition, by RT-PCR, we investigated the potential influence of arctigenin on BACE1 transcription. The results in Figure 1G suggested that arctigenin exhibited no effects on BACE1 mRNA level. Therefore, these results demonstrated that arctigenin inhibited BACE1 activity by decreasing BACE1 translation.
Considering that BV2 cells could mimic primary microglia with high fidelity and primary neuronal cells function potently in AD pathology (Henn et al., 2009) , we further investigated the effect of arctigenin on BACE1 activity in both BV2 and primary neuronal cells. Similar to the cases in HEK293-APP swe cells, in either BV2 or primary neuronal cells arctigenin decreased BACE1 activity through BACE1 protein inhibition ( Fig. 2A,C,D,F) without affecting BACE1 mRNA levels (Fig. 2B,E) .
In addition, we examined whether arctigenin decreased BACE1 protein level by inhibiting BACE1 translation in primary astrocytes. Unexpectedly, arctigenin failed to affect BACE1 activity or protein level (data not shown). This result thus demonstrated the cell-selective character of arctigenin.
PERK/eIF2␣-mediated pathway was involved in the arctigeninreduced BACE1 translation
As reported, transcription factors, such as NFB, PPAR␥, and YY1, could regulate BACE1 protein expression by mediation of BACE1 transcription (Devi and Ohno, 2010; Guglielmotto et al., 2011; Katsouri et al., 2011; Kwak et al., 2011) , and phosphorylation of the translation initiation factor eIF2␣ (eIF2␣-P) increased BACE1 translation and further regulated its protein level Devi and Ohno, 2010) . Therefore, based on our above finding that arctigenin failed to induce BACE1 transcription, we used Western blot assay in HEK293-APP swe cells to determine whether arctigenin regulated BACE1 translation via dephosphorylation of eIF2␣. As expected, arctigenin could dose-dependently inhibit eIF2␣ phosphorylation ( 1F ). In addition, it was reported that arctigenin blocked the phosphorylation level of phosphorylated PERK in HT-29 cells (Kim et al., 2010) . Given that PERK as a kind of eIF2␣ kinase played an important role in eIF2␣ phosphorylation (Harding et al., 1999) , we detected the potential regulation of arctigenin on PERK phosphorylation in HEK293-APP swe cells. As demonstrated in Figure 1F , arctigenin could dose-dependently inhibit the phosphorylation of PERK. These results thus implied that PERK/eIF2␣-mediated pathway was involved in the arctigenin-reduced BACE1 translation.
In addition, the assay in either BV2 or primary neuronal cells further validated the inhibition of arctigenin against PERK/eIF2␣ pathway (Fig. 2C,F ) . However, probably due to the cell-selective feature of arctigenin, this natural product rendered no such effect in primary astrocytes (data not shown).
Arctigenin promoted A␤ clearance
In the investigation of the arctigenin-induced promotion of exogenous A␤ clearance, the assays based on primary astrocytes, BV2 cells, and primary neuronal cells were performed according to Landreth's approach (Cramer et al., 2012) . The results indicated that arctigenin dose-dependently enhanced exogenous A␤ clearance in primary astrocytes (Fig. 3A) , primary neuronal cells (Fig. 3B) , and BV2 cells (Fig. 3C ).
In the subsequent investigation of the potential mechanism underlying the arctigenin-enhanced A␤ clearance, we focused on autophagy-related research, because autophagy as a vital catabolic process in cells is highly responsible for degradation of abnormal and aggregated proteins and dysfunction organelles, and has been confirmed to be a major pathway for A␤ clearance (Klionsky and Emr, 2000) . It is noticed that activation of the mammalian target of rapamycin (mTOR), a conserved Ser/Thr protein kinase, effectively inhibited autophagy through phosphorylation of Unc51-like kinase 1 (ULK1), which is an initiator of autophagy process (Chan et al., 2007; Kundu et al., 2008; Kim et al., 2011) . In addition, P62 as an autophagic substrate also characterizes the activation of autophagy (Bjørkøy et al., 2005) .
Therefore, before we investigated the detailed regulation of arctigenin against the autophagy pathway, the autophagy inhibitor chloroquine (CQ, Kimura et al., 2013) was used for related assays in HEK293-APP swe cells, where the cells were treated with arctigenin (40 M), vehicle alone, CQ (10 M), or arctigenin in combination with CQ for 24 h. The cell culture media were then collected and subjected to ELISA testing for A␤ 40 . As shown in Figure 3D , CQ could enhance A␤ level and partially reverse the arctigenin-induced A␤ reduction in cells. This result thereby indicated that arctigenin decreased A␤ level and load via enhancing autophagy.
Arctigenin effectively actuated the mTORmediated autophagy
Given that P70S6K is the direct substrate of mTOR (Kim et al., 2011), we inspected P70S6K phosphorylation to evaluate the arctigenin-regulated mTOR activity. As shown in Figure 3E , arctigenin effectively suppressed the phosphorylation of mTOR substrate P70S6K, thus suggesting that arctigenin inhibited mTOR activity in primary astrocytes.
Moreover, the results showing that arctigenin dosedependently decreased ULK1 phosphorylation and P62 protein level further indicated the actuation of autophagy (Fig. 3E) .
Similarly, arctigenin also suppressed the phospho-P70S6K, phospho-ULK1, and P62 protein level in HEK293-APP swe cells (Fig.  4A) , in BV2 cells (Fig. 4G) , and in primary neuronal cells (Fig. 4D) .
Therefore, all above results demonstrated that arctigenin could enhance autophagy and inhibit mTOR activity.
AKT/mTOR and AMPK/Raptor pathways were both involved in the arctigenin-induced mTOR inhibition
Given that arctigenin has been discovered to effectively regulate mTOR-mediated autophagy, we next explored the potential underlying mechanism for this natural product in the regulation of mTOR pathway.
As indicated in the published results, AKT [protein kinase B (PKB)] is a critical mediator of mTOR, which increases mTOR activity through direct or indirect phosphorylation of mTOR ( Nave et al., 1999; Memmott and Dennis, 2009) . AMP-activated protein kinase (AMPK) phosphorylates the regulatoryassociated protein of mTOR (Raptor, an mTOR binding partner), thus inducing its binding to 14-3-3 protein and inhibition of mTOR activity (Kimura et al., 2003; Gwinn et al., 2008; Hardie, 2008) . Therefore, AKT/mTOR and AMPK/Raptor pathways associate tightly with mTOR activity, and further the regulation of autophagy and A␤ clearance. In addition, our previous work also indicated that arctigenin increased AMPK phosphorylation in C2C12 and H9C2 cells (Tang et al., 2011) . Thus, we performed the related assays for evaluation of arctigenin in the regulation of AKT/mTOR and AMPK/ Raptor pathways.
Primary astrocyte-based assay. As shown in Figure 3F , arctigenin dose-dependently suppressed AKT phosphorylation at serine 473. Next, we investigated the effect of arctigenin on mTOR phosphorylation at serine 2448, a direct AKT phosphorylation site. As shown also in Figure 3F , arctigenin effectively inhibited mTOR phosphorylation, indicative of the inhibition of mTOR activity. Subsequently, we examined the potential regulation of arctigenin on AMPK/Raptor pathway. As indicated in Figure 3G , arctigenin dose-dependently increased the phosphorylation of either AMPK or Raptor without any influences on total AMPK or Raptor.
HEK293-APP swe cell-based assay. Similarly, the regulation of arctigenin in AKT/ mTOR or AMPK/Raptor pathway was also evaluated in HEK293-APP swe cells. As shown in Figure 4 , B and C, arctigenin obviously decreased the phosphorylation of AKT or mTOR, and increased the phosphorylation of AMPK or Raptor.
Primary neuronal and BV2 cell-based assays. Finally, primary neuronal and BV2 cell-based assays were also carried out. The results demonstrated that arctigenin activated AMPK/Raptor and inhibited AKT/mTOR pathways in primary neuronal cells (Fig. 4 E, F ) , similar to the cases for arctigenin in HEK293-APP swe cells and primary astrocytes. However, arctigenin could only activate the AMPK/Raptor pathway (Fig. 4H ) , but failed to affect the AKT/mTOR pathway in BV2 cells (data not shown), reflecting again the cell-selective feature of arctigenin.
Arctigenin effectively ameliorated memory impairment in APP/PS1 AD mice
Given that arctigenin has been determined to be very effective in both inhibiting A␤ production and enhancing its clearance in cells, we next performed the MWM assay to further examine the potential of this natural product in the amelioration of memory impairment against the double transgenic APP/PS1 mice with age-related A␤ accumulation and deposition in the brain (Wenk, 2004) . As shown in Figure 5 , A and B, in the training trials, the path lengths and escape latencies to find the platform for the APP/PS1 transgenic mice were significantly longer than those for the nontransgenic mice. However, the prolongation of length and latency was significantly reversed by 3 mg/kg/d arctigenin administration at day 5. In the probe trial assay, the arctigeninadministrated (3 mg/kg/d) transgenic mice crossed over the hidden location of the platform more frequently compared with the vehicle-administrated (5% Tween 80) transgenic mice, and the crossing frequency is even similar to that of the vehicleadministrated nontransgenic mice (Fig. 5C,D) . Furthermore, the swimming distance and time spent in all quadrants were ana- lyzed. The results demonstrated that the distance and time within Quandrant 3, the location of the hidden platform, were shorter for the APP/PS1 transgenic mice than those for the nontransgenic mice. Obviously, arctigenin administration reversed the shortcomings of these transgenic mice (Fig. 5 E, F ) . Additionally, arctigenin treatment would not induce any nonspecific changes, such as reduced/increased swimming speeds, floating, and thygmotaxis (data not shown).
Therefore, our results indicated that arctigenin ameliorated memory impairment in APP-PS1 transgenic mice.
Arctigenin reduced senile plaque formation in APP/PS1 AD mice As reported, A␤-formed senile plaque is characteristic feature of AD and also an important criterion of the neuropathologicalhistological verification of AD (Araujo and Cotman, 1992) . We thus evaluated whether arctigenin reduced the amyloid plaque formation in mice. In the assay, after the MWM test, mice were killed and the left hemispheres were fixed in 4% paraformaldehyde for histochemical examination. As shown in Figure 6 , A and B, the thioflavine S-stained senile plaque burdens in hippocampus and cortex of transgenic mice were remarkably raised compared with those in nontransgenic mice, while treatment of arctigenin by dose of 3 mg/kg/d obviously reversed high senile plaque formation in transgenic mice. Subsequently, we also used Congo red staining assay to further verify arctigenin's function in senile plaque formation. As expected, arctigenin-administrated (3 mg/ kg/d) mice significantly decreased Congo redstained senile plaque numbers in comparison with the vehicle-administrated transgenic mice (Fig. 6C,D) .
Arctigenin effectively decreased A␤ content in APP/PS1 AD mice Next, we investigated the effect of arctigenin on A␤ content in vivo, with hippocampus and cortex collected for ELISA test against A␤ 40 and A␤ 42 . As expected, the content of A␤ 40/42 in hippocampus or cortex of transgenic mice was remarkably higher compared with those in nontransgenic mice, while treatment of 3 mg/kg/d arctigenin obviously decreased such a high level of A␤ (Fig. 7 A, B) .
PERK/eIF2␣-mediated pathway was involved in the arctigenin-reduced BACE1 effect in APP/PS1 AD mice As we have determined the involvement of PERK/eIF2␣-mediated pathway in the arctigenin-reduced BACE1 translation in cells, we next confirmed such effects in AD model mice. In the assay, cortex extracts were subject to Western blot analyses for BACE1, phosphorylated eIF2␣, total eIF2␣, phosphorylated PERK, and total PERK. As expected, BACE1 and phosphorylated eIF2␣ or PERK in the transgenic mice brain were much higher than that in the nontransgenic mice (Fig. 7C,D) , which is consistent with the published reports Devi and Ohno, 2010; Devi et al., 2010 Devi et al., , 2012 Ho et al., 2012) . However, the high levels of BACE1, phosphorylated eIF2␣, and PERK in transgenic mice were apparently inhibited by arctigenin treatment (Fig. 7C,D) . These results thus further supported the idea that the PERK/eIF2␣-mediated pathway was involved in the arctigenin-reduced BACE1 effect. Subsequently, to further explore the question of whether the arctigenininduced BACE1 decrease was due to the inhibition of translation rather than transcription, we performed the RT-PCR assay to investigate the potential effect of arctigenin on BACE1 mRNA level. As shown in Figure 7E , the mRNA level of BACE1 in transgenic mice was nearly the same as that of nontransgenic mice, and treatment of arctigenin failed to affect BACE1 mRNA level in AD transgenic mice.
Arctigenin effectively enhanced autophagy in APP/PS1 AD mice
Given the achieved result of arctigenin-induced autophagy enhancement in cells, we next investigated such effects of arctigenin in APP/PS1 AD transgenic mice by Western blot assay. As shown in Figure 8 , A and B, the level of phosphorylated A proposed model illustrating the mechanism of arctigenin-mediated A␤ production inhibition and A␤ clearance promotion. A␤ is generated from a sequent cleavage of APP by BACE1 and ␥-secretase. It could be degraded by autophagy. Arctigenin dephosphorylated PERK and eIF2␣, causing the suppression of BACE1 translation and further the inhibition of A␤ production. Arctigenin also initiated autophagy with AMPK/Raptor signaling activation and AKT/mTOR pathway inhibition, resulting in enhanced A␤ clearance.
ULK1 in AD transgenic mice was higher than that in the nontransgenic mice, indicating that the initiation of autophagy in APP/PS1 transgenic mice was impaired. Notably, arctigenin administration (3 mg/kg/d) obviously decreased the phosphorylated ULK1 level, thus confirming that arctigenin efficiently enhanced autophagy in transgenic mice (Fig. 8 A, B) . mTOR-mediated pathway was involved in arctigeninregulated autophagy in APP/PS1 AD mice Similar to the case in cell-based assay for investigation of mTORmediated pathway involvement in arctigenin-regulated autophagy, we also evaluated the effect of arctigenin on P70S6K phosphorylation in mice by Western blot. As indicated in Figure  8 , A and B, the phosphorylation of P70S6K in transgenic mice was obviously elevated in comparison with that in nontransgenic mice, indicative of high mTOR activity in transgenic mice. As expected, arctigenin administration largely decreased P70S6K phosphorylation in transgenic mice (Fig. 8 A, B) , further confirming that the mTOR-mediated pathway was involved in arctigenin-regulated autophagy.
AKT/mTOR and AMPK/Raptor pathways were both involved in arctigenin-induced mTOR inhibition in APP/PS1 AD mice In the above cell-based assays, we have determined the involvement of AKT/mTOR or AMPK/Raptor pathway in arctigenininduced mTOR inhibition. Here, we confirmed such results in mice by Western blot assays. As indicated in Figure 8 , C and D, phosphorylation of AKT or mTOR in transgenic mice was highly elevated compared with that of nontransgenic mice, which is consistent with the published results (Griffin et al., 2005; Caccamo et al., 2011) . As expected, arctigenin administration effectively reversed such a high phosphorylation of AKT or mTOR in transgenic mice (Fig. 8C,D) . As shown in Figure 8 , E and F, phosphorylation of AMPK or Raptor in transgenic mice was nearly the same as that in nontransgenic mice. However, arctigenin treatment obviously enhanced phosphorylation of either AMPK or Raptor in transgenic mice (Fig. 8 E, F ) . Therefore, all above results confirmed that AKT/mTOR and AMPK/Raptor pathways were both involved in arctigenininduced mTOR inhibition in AD transgenic mice.
Discussion
A␤ peptide accumulation functions potently in the pathological cascade of AD, and agents able to inhibit A␤ production and/or enhance A␤ clearance have been confirmed to be effective in slowing AD progression (Yamin et al., 2008; Kurz and Perneczky, 2011 ). In the current work, after targeting A␤, we established a "one stone, two birds" strategy to find small molecules that could both inhibit A␤ production and promote A␤ clearance. This strategy led us to the natural product arctigenin, which demonstrated high efficiency in decreasing A␤ content and ameliorating memory impairment in APP/PS1 AD model mice. Our results have demonstrated the usefulness of this strategy in the search for in anti-AD treatments.
Arctigenin, extracted from Arctium lappa (L.), was reported to exhibit some pharmacological actions, including antidiabetes, antitumor, antioxidant, and neuron protective activities, and to exercise mimetic properties (Jang et al., 2002; Predes et al., 2011; Tang et al., 2011; Gu et al., 2012; Huang et al., 2012) . We discovered that arctigenin inhibited A␤ production by suppression of BACE1 translation involving eIF2␣-mediated pathway. In the past decade, researchers trying to find anti-AD drugs investigated the potential of BACE1 as a rate-limiting enzyme for A␤ production, leading to the development of various BACE1 enzyme inhibitors (May et al., 2011; Cumming et al., 2012) . None of these inhibitors, however, has passed clinical trials (Klaver et al., 2010) . Current research has supported the idea that downregulation of BACE1 should be a new available strategy for anti-AD treatment as confirmed by elevation of BACE1 in both AD mice and patients (Klaver et al., 2010) . Moreover, hyperphosphorylated eIF2␣ was also currently determined to be strongly associated with the increase of BACE1 translation Devi and Ohno, 2010; Mouton-Liger et al., 2012) . Here, we found that arctigenin effectively inhibited PERK/ eIF2␣ pathway and decreased BACE1 translation. This result thus highly strengthened the potential of this natural product in anti-AD drug discovery.
Recently, it has been proved that impairment of autophagy contributes much to the abnormal protein accumulation (e.g., A␤) in several age-dependent neurodegenerative diseases, including AD, Huntington's disease, and Parkinson's disease (Hara et al., 2006; Mizushima et al., 2008; Madeo et al., 2009) . Compounds with activity of autophagy activation have been identified in delaying the AD pathology process (Tian et al., 2011; Vingtdeux et al., 2011) , and inhibition of mTOR could increase A␤ clearance and rescue memory impairment in AD model mice via enhancing autophagy (Spilman et al., 2010) . Arctigenin was determined to inhibit mTOR and trigger autophagy, and the involved pathways of AMPK/Raptor and AKT/mTOR were also completely investigated. Therefore, these results further intensified the potency of arctigenin in anti-AD research. To our knowledge, arctigenin might be the first reported natural product able to both inhibit A␤ production and promote its clearance.
Aging is a principal risk factor for neurodegenerative disease, especially AD, and delaying aging is considered as an applicable strategy in decreasing AD case rate and postponing AD progress (Jirillo et al., 2008; Bhat et al., 2012) . There have been reports on proteins and signaling pathways involved in regulation of aging process and longevity. For example, autophagy enhancement induced prolonged lifespan in Drosophila melanogaster (Simonsen et al., 2008) , and mTOR inhibitor rapamycin extended lifespan in mice (Harrison et al., 2009 ). In addition, overexpression of AMPK and its activation extended the lifespan in some species (Apfeld et al., 2004; Onken and Driscoll, 2010) . Therefore, our findings that arctigenin could effectively enhance autophagy, inhibit mTOR activity, and increase AMPK activity in mice suggests that arctigenin might have a role in delaying aging.
In summary, we reported that the natural product arctigenin could ameliorate AD mouse memory impairment. The mechanism underlying the anti-AD action of arctigenin has been intensively investigated. As summarized in Figure 9 , arctigenin inhibited A␤ production by suppressing BACE1 expression and promoted A␤ clearance by enhancing autophagy through AKT/ mTOR signaling inhibition and AMPK/Raptor pathway activation. Our results clearly suggest the potential of arctigenin in anti-AD drug discovery.
